INTRODUCTION
Rheumatoid arthritis (RA) is a chronic inflammatory joint disease causing stiffening and swelling of diarthrodial joints [1] . Although a direct cause of RA remains unclear, proliferation and outgrowth of synovial tissue is an initial pathologic symptom and proinflammatory cytokines such as interleukin-l (IL-1) and tumor necrosis factor alpha (TNF-α) are known to induce inflammation of synovial lining [2, 3] . Synovial tissue of RA is sensitive to various stresses including heat, oxidative stress, and mechanical loading, and stress signaling molecules such as heat shock proteins and mitogen-activated protein kinases are found to be activated [4, 5] . A regular use of diarthrodial joints induces fluid-driven cyclic shear stress [6] , and therefore elucidating responses to oscillatory shear as well as an interaction of shear with cytokine induction will help understand a role of mechanical factors in degradation of joint tissue. Compared with effects of shear stress on chondrocytes such as a release of cytokines and an increase in synthesis of collagen and proteoglycans, little is known about shear responses of synovial tissue [7] [8] [9] [10] .
A family of zinc-binding proteolytic enzymes known as matrix metalloproteinses (MMPs) is considered to play a critical role in the destruction of articular cartilage [11] . MMPs were initially classified into collagenases, gelatinases, and stromelysins together with a membrane type on the basis of substrate specificity and cellular location. The family continues to grow with the most recent member identified as MMP-26 (endometase), although a number of MMPs such as MMP-7 (matrilysin) and MMP-12 (metalloelastase) do not readily fit into any of the above four classes [12] . MMPs such as MMP-1 (collagenase 1), MMP-2 (gelatinase A), MMP-3 (stromelysin 1), MMP-11 (stromelysin 3), and MMP-13 (collagenase 3) are upregulated in synovium and synovial fluids of patients with RA [13] [14] [15] [16] . Interestingly, a protein level of tissue inhibitors of metalloproteinases (TIMPs), a family of natural MMP inhibitors, also is elevated in RA synovial fluids [16, 17] . We previously found an altered expression of MMPs under 0-10 dyn/cm 2 uniform shear in RA synovial cell cultures. Low shear at <3 dyn/cm 2 reduced the 43 mRNA expression of MMP-1, MMP-3, and MMP-13 and high shear at >5 dyn/cm 2 increased their mRNA levels together with gelatinase activity of total MMPs [18] . Synovial cells in vivo experience a variety of mechanical stresses and strains, and oscillatory shear represents a stress component associated with joint rotation. However, to our knowledge, no study has been performed to investigate a biophysical role of oscillatory shear in MMP or TIMP regulation, and the effects of oscillatory shear on MMP activities in the presence of proinflammatory cytokines are not understood.
In this study we addressed a specific question as to whether gentle oscillatory shear stress at <1 dyn/cm 2 would suppress IL-1-induced expression and activities of MMPs. Cellular responses to mechanical stimuli may differ depending on cell types [19] [20] [21] [22] . We used two synovial cell cultures derived from patients with RA. One culture was an MH7A cell line previously used in examining cellular responses to uniform shear [23, 24] , and the other culture was a primary cell culture at passage 6. These synovial cells are particularly suited for our study since their MMP expression and activities are stimulated by inflammatory cytokines such as IL-1. An mRNA level of MMP-1 and MMP-13 were determined in these cell cultures by semiquantitative polymerase chain reaction (PCR) as well as real-time PCR, and collagenase activity and gelatinase activity of total MMPs were assayed by fibril degradation spectrofluorometry and zymography. The results showed that the gentle oscillatory shear for 1 hr not only reduced the mRNA and protein levels of MMP-1 and MMP-13, but also suppressed IL-1-induced MMP expressions and activities.
MATERIALS AND METHODS

Cell Culturing
To examine responses of RA synovial cells to fluid-driven oscillatory shear, we used two sources of cells such as a MH7A cell line (Riken Cell Bank, Japan) and RA00-02 primary cells. The use of human cell cultures was approved by the Indiana University-Purdue University Indianapolis Institutional Review Committee. The cell cultures were derived from patients with RA who underwent synovectomy, and normal control cells were not included in this study. MH7A was an established cell line derived from the knee joint of an RA patient [23] , and RA00-02 primary cells were isolated from the knee joint of a patient with RA at Indiana University Medical Center. In brief, RA00-02 synovial tissue was minced and cells were dissociated as previously described [25] . Cells in the supernatant were pelleted and cultured in a T-25 flask in a RPMI1640 medium supplemented with 20% fetal calf serum and antibiotics. At passage one, ∼80% of cells were macrophage-like cells and 20% of cells were fibroblast-like cells. As passages continued, the proportion of fibroblast-like cells increased.
We used MH7A cells at passage ∼10 and RA00-02 cells at passage 6, where over 98% cells consisted of fibroblast-like synoviocytes. Cells were cultured in a 3.5-cm petri plate coated with type I collagen (Becton Dickinson Labware) at a concentration of 2 µg/cm 2 , and they were exposed to shear at ∼80% confluency in a RPMI1640 medium supplemented with 0.5% fetal calf serum. In stimulating cells with IL-1, cells were first grown for 3-4 days in the media containing 10% fetal calf serum. A concentration of 5-10 ng/ml human IL-1β (CalBiochem) was effective in inducing MMPs when cells were preincubated in a media with a serum 0-0.5% for 1-2 days. To minimize artifacts related to cellular starvation, we preincubated cells in the media with 0.5% fetal calf serum for 12 hr and then used 50 ng/ml IL-1β for stimulation [26, 27] .
Oscillatory Shear Stress
Fluid-driven oscillatory shear was given for 1 hr by using a custom-made oscillatory flow device ( Figure 1 ). A slider in the device was positioned horizontally parallel to a surface of a culture plate and it was oscillated by an electric motor along the culture surface in a sinusoidal motion at 1 Hz.
Shear stress to cells was estimated by using a Couette-flow approximation in a pair of parallel plates as τ max = 2πµf/h, where: r τ max = maximum shear stress (dyn/cm 2 ). r µ = viscosity (poise). r f = sinusoidal frequency (Hz). r h = distance between the slider and the culture plate (cm) [28] .
In our experiment, τ max was calculated as 0.5 dyn/cm 2 with µ = 0.016 poise, f = 1 Hz, and h = 0.2 cm. The shear condition in this study was selected to simulate subtle mechanical stimuli observed in a routine repetitive motion. In a uniform flow, MMP-1 mRNA was downregulated under the shear at 2 dyn/cm 2 (data not shown).
Reverse Transcription (RT)-PCR
Total RNA was isolated using RNeasy mini-kits (Qiagen, CA), and the isolated RNA was reverse-transcribed by MMLV reverse transcriptase. The cDNAs corresponding to MMP-1, MMP-13, TIMP-1, and TIMP-2 were amplified by semiquantitative PCR and by real-time PCR [29] , and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as control. The Tables 1 and 2 . In semiquantitative PCR, a reaction was hot-started at 94
• C for 5 min including 28 cycles at 94
• C for denaturation (1 min), 55-65
• C for annealing (1 min), and 72
• C for extension (45 sec to 1 min 30 sec). Amplified DNA fragments by semiquantitative PCR were separated in agarose gel by electrophoresis. In real-time PCR, we used ABI Prism 7700 sequence detection system (PE Corporation). Amplified cDNAs were quantified by fluorescent intensity of fluorescent probes, and a threshold cycle, C T , was determined to estimate difference in a starting cDNA copy number with and without oscillatory shear.
Immunoblotting
To detect any effect of oscillatory shear on a protein level of MMP-1 and MMP-13, we conducted an immunoblot assay using antibodies specific to the latent and active forms of MMP-1 or MMP-13 (mouse monoclonal IgG 1 , CalBiochem). An expected molecular size was 42/46 kDa (MMP-1) and 48 kDa (MMP-13) for an active enzyme without modification, and 57 kDa (MMP-1) and 60 kDa (MMP-13) for a latent form. Total proteins were collected from cells, and ∼10 µg of protein extracts were separated by electrophoresis on 10% SDS PAGE gel. Proteins on gel were transferred electrophoretically onto nitrocellulose membranes (Hybond, Amersham), and the membranes were incubated in a PBS-T (pH7.5) buffer consisting of 
MMP Activity Assays in Cell Culture Media
To assay collagenase activity of total MMPs in response to oscillatory shear with and without IL-1 stimulation, we conducted a fibril degradation assay using an EnzChek gelatinase/ collagenase assay kit (Molecular Probes). Isolated protein extracts from the culture media were incubated at room temperature for 2 hr with type I collagen as a substrate in a reaction buffer consisting of 500 mM Tris-HCl (pH7.6), 1.5 M NaCl, 50 mM CaCl 2 , and 2 mM sodium azide. The collagen substrate was heavily labeled with green fluorophores, and digestion by collagenases isolated from the culture media would liberate fluorophores from a quenching effect of nearby fluorophores. Fluorescent intensity with an absorption maximum at ∼495 nm and an emission maximum at ∼515 nm was measured by FluoroMax-2 spectorfluorometer (Instruments S.A.).
To assay gelatinase activity of total MMPs in the culture media, we conducted zymography using gelatinase as a substrate [18] . MMP-1 and MMP-13, assayed by RT-PCR in this study, are known to possess gelatinase activity [11] . Briefly, the culture media were concentrated by 10-fold using a centrifugal concentrator (Nanosep, Pall Filtron Corp.), and 50 µl of the concentrate was mixed with 100 µl of the sample buffer containing 500 mM Tris-HCl (pH6.8), 25% glycerol, 10% SDS, and 1% Bromophenol blue. Then, 20 µl of the protein mixture was loaded on a zymographic gel and separated by electrophoresis. After electrophoresis, the gel was incubated in a renaturation buffer (Bio-Rad) at room temperature for 30 min and then in a development buffer (Bio-Rad) at 37
• C overnight. The gel was rinsed and stained with 0.5% Coomassie blue in 40% methanol and 10% acetic acid. After de-staining and rinsing, gelatinase activity was detected as a light translucent band over a blue background.
Data Analysis
Immunoblots for MMP-1 and MMP-13 and zymographic gels were imaged by a flatbed scanner (VistaScan 3.0, Umax), and band intensity was quantified using Adobe PhotoShop software (version 4.0, Adobe Systems). RT-PCR experiments, zymography, and fibril degradation spectrofluorometry were performed twice for each of the two cell lines, and immunoblotting was conducted twice using MH7A cells. To test statistical significance of expression and activities of MMPs and TIMPs, we conducted a t-test using StatView software (version 5.0, SAS Institute). The p value less than .01 was considered statistically significant.
RESULTS
Alteration in mRNA Levels
The oscillatory shear, employed in this study, had an amplitude of ∼0.5 dyn/cm 2 with a frequency of 1 Hz. Using MH7A and RA00-02 synovial cells, we first investigated an mRNA level of MMP-1, MMP-13, TIMP-1, and TIMP-2 under 1-hr oscillatory shear. Semiquantitative PCR revealed that the oscillatory shear reduced a level of MMP-1 mRNA and MMP-13 mRNA, but it elevated a level of TIMP-1 mRNA and TIMP-2 mRNA (Figure 2A ). The observed shear response was evident in MH7A cell line as well as RA00-02 primary cells.
Suppression of IL1-Induced MMP-1 mRNA and MMP-13 mRNA
Using semiquantitative PCR, we next examined effects of the oscillatory shear on the mRNA expression of MMPs and TIMPs in the presence of IL-1 stimulation. The 1-hr incubation with 50 ng/ml IL-1 elevated the mRNA expression of MMP-1, MMP-13, TIMP-1, and TIMP-2 in two synovial cell cultures (Figure 2A) . A simultaneous application of the oscillatory shear suppressed the IL-1-elevated mRNA level of MMP-1 and MMP-13, but it maintained the increased level of TIMP-1 mRNA and TIMP-2 mRNA (Figure 2A) . Suppression by the oscillatory shear was consistent in a duplicated set of experiments for MH7A cells and RA00-02 primary cells.
To quantify the observed alteration in mRNA levels by the oscillatory shear, we used real-time PCR and determined a threshold cycle that indicated a required number of PCR cycles to synthesize a prescribed amount of cDNA products. A difference in a threshold cycle with and without shear was used to estimate alteration in mRNA levels by the oscillatory shear ( Figure 2B) . The results from real-time PCR confirmed the reduction in MMP-1 mRNA and MMP-13 mRNA as well as the increase in TIMP-1 mRNA and TIMP-2 mRNA that we observed previously in semiquantitative gel images (Figure 2A ). Compared with a control level, the average mRNA under the oscillatory shear was 32% (MMP-1, p < .01) and 26% (MMP-13, p < .01). The oscillatory shear suppressed the IL-1-induced mRNA level from 170% down to 34% (MMP-1) and from 270% down to 100% (MMP-13) of the control level. Regardless of the IL-1 stimulation, the TIMP mRNA level was higher than the control level by 1.8-2.7 times (TIMP-1) and 2.2-2.3 times (TIMP-2). To summarize, the mRNA level of MMP-1 and MMP-13 was decreased by the oscillatory shear in the presence and the absence of IL-1 induction, whereas the level of TIMP-1 mRNA and TIMP-2 mRNA was increased by the oscillatory shear and IL-1 stimulation. 
Reduction in Protein Level of MMP-1 and MMP-13
The immunoblot assay using antibodies specific to either MMP-1 or MMP-13 exhibited a consistent alteration at a protein level to the alteration observed at the mRNA level. In either MMP-1 or MMP-13 blotting, a single band near a molecular mass of 60-70 kDa was detected. Its intensity was substantially reduced under the 1-hr gentle oscillatory shear, while the IL-1 stimulation increased the protein level (Figure 3) . Like the mRNA suppression by shear, the elevated protein level by IL-1 was suppressed by the simultaneous shear treatment (Figure 3 ). An estimate of molecular size in the blots, ∼10 kDa heavier than the unmodified active form, suggested that antibodies detected either active enzymes with modifications or latent MMP proenzymes with uncleaved precursor peptides [30, 31] .
Reduction in Collagenase Activity and Gelatinase Activity
Having known that the gentle oscillatory shear at 1 Hz reduced the mRNA level as well as the protein levels of MMP-1 and MMP-13, we examined gelatinase activities and collagenase activities of total MMPs under shear. MMP-1 (collagenase 1) and MMP-13 (collagenase 3) are known to possess gelatinase activity as well as collagenase activity, and therefore any alteration in their activities can be detected in an assay using collagen and gelatin as substrates. Note that our activity assays were sensitive not only to MMP-1 and MMP-13, but also to any other MMPs responsive to oscillatory shear. In the fibril degradation assay, collagenase activity was reduced under the oscillatory shear, and compared with the control level the observed activity level was ∼54% ( p < .01) ( Figure 4A ). The stimulation by IL-1 increased the activity up to 136% ( p < .01), and the IL-1-elevated activity was reduced down to 70% by the oscillatory shear ( p < .01) ( Figure 4A) .
In zymographic gels showing a single bright band at ∼65 kDa, we observed that gelatinase activity was downregulated under the 1-Hz gentle oscillatory shear by ∼60% ( p < .01) and that the oscillatory shear suppressed the IL-1-induced increase in gelatinase activity by 29% ( p < .01) ( Figure 4B) . A faint band at ∼45 kDa also was detected in the gels. The observed alteration in gelatinase activity was consistent in the duplicated experiment for each of the two cell cultures.
DISCUSSION
Synovial tissue in vivo is exposed to a high degree of mechanical stimuli including strain, normal stress, and shear. It is sensitive to various environmental stresses and known to present the earliest symptom of rheumatic inflammation. In this study using MH7A cell line and RA00-02 primary cells, we examined cellular responses to oscillatory shear and their linkage to inflammatory responses by IL-1 induction. Four independent measurements on mRNA levels, protein levels, gelatinase activity, and collagenase activities consistently supported the downregulation of MMPs under oscillatory shear at ∼0.5 dyn/cm 2 for 1 hr. Furthermore, the oscillatory shear suppressed the expression of MMP-1 and MMP-13 as well as activities of total MMPs induced by IL-1. Contrary to the expression and activities of MMPs, the mRNA levels of TIMP-1 and TIMP-2 were upregulated by the oscillatory shear. The results suggest that the oscillatory fluid shear can play an inhibitory role in regulation of MMPs at a transcriptional level as well as at a posttranscriptional level.
Although the measured alteration in the mRNA level and the protein level were specific to MMP-1 and MMP-13, reduction in gelatinase and collagenase activities were attributable to total MMPs. Recent analyses of MMP mRNA and protein levels in synovial fluid and plasma of patients with RA showed elevated levels of many MMPs including MMP-1, MMP-2 (gelatinase A), MMP-3, and MMP-8 (collagenase 3) [13, 16] . Therefore, the observed reduction in collagenase activity and gelatinase activity by the oscillatory shear may, at least in part, result from downregulation of other MMPs. Our semiquantitative RT-PCR data showed no decrease in MMP-2 mRNA and a slight decrease in MMP-8 mRNA under the oscillatory shear (data not shown), and we postulate that the expression and activities of individual MMPs as well as TIMPs can be regulated coordinately but not identically in response to shear. Many MMPs including MMP-1 and MMP-13 consist of multiple AP-1 and Ets binding sites in their promoter, and the mRNA expression of Jun and Ets-1 are induced in RA synovial cells by mechanical stimuli [32] . A recent study of cellular responses to oscillating fluid shear using a rat osteoblast-like cell line has revealed inactivation of NF-κB that plays a role as a primary regulator of stress responses [33] . A differential combination of regulatory DNA elements including AP-1 site, PEA-3 site (Ets binding site), and NF-κB binding site seems to contribute to varying shear responses of MMPs [34, 35] .
We used fibroblast-like synovial cells derived from patients with RA and observed downregulation of MMPs under the oscillatory shear for 1 hr. Synovial tissue consists of heterogeneous cell types including endothelial cells, macrophage-like cells, and fibroblast-like cells. In human chondrocyte cell cultures, we recently observed a downregulation of MMP mRNAs under a steady shear flow at 2-5 dyn/cm 2 and upregulation at 10-20 dyn/cm 2 (manuscript in preparation). Our current working hypothesis is that fluid-driven shear below a certain threshold value reduces expression and activities of MMPs in joint tissues and a threshold stress is cell-type dependent.
A dynamic nature of loading and compliance of articular cartilage allow synovial joints to be lubricated with a fluid film, and synovial fluid in a synovial cavity is mobilized by a sliding motion of articular surfaces or a pressure gradient within a joint [36] . Two widely used principles for simulating in vivo fluid shear are based on a Couette flow and a Poiseuille flow that induce shear by sliding a pair of plates and by generating a pressure gradient, respectively [37] . In this study, a Couette flow in a pair of parallel plates was used to generate oscillatory shear [38] . Fluid-driven shear in vivo during a joint motion contains varying oscillatory frequencies, and cellular responses may depend on oscillatory frequency as well as shear intensity and duration.
Mechanotransduction underlying the suppression of IL-1-induced MMP activation is yet to be investigated. Cytokines such as TNF-α and IL-1 have been identified as major pathogenic mediators in RA, and together with their receptors they are overexpressed in the synovial tissue and articular chondrocytes of patients with RA [4, 39, 40] . Several lines of evidence suggest a role of mitogen-activated protein kinases (MAPK) signaling pathways including the extracellular signal-regulated protein kinase (ERK), c-Jun amino-terminal kinase (JNK), and p38 pathways in the suppression of IL-1 induction. Proinflammatory cytokines have been demonstrated to induce ERK, JNK, and p38 signaling pathways [41] [42] [43] , and JNK is required for MMP expression and joint destruction in inflammatory sinovium [44] . Individual MMPs under oscillatory shear can be regulated coordinately with variations by a combination of different signaling pathways (manuscript in preparation).
SUMMARY
The present study demonstrates for the first time that the specific oscillatory fluid flow has an inhibitory role in the expression of MMP-1 and MMP-13 and activities of total MMPs in synovial cells derived from patients with RA. Continuous passive motion was reported to improve postoperative and postinjury pediatric-orthopedic patients with progressive decrease in joint pain [45] . Because high shear stress is shown to activate proteolytic activities, it is premature to extend the results to possible physical therapies for RA patients [46, 47] . Further elucidation of cellular responses to shear in synovium and other joint tissue from patients with RA or osteoarthritis will contribute to evaluating effects of mechanical loading for stimulating or preventing progressive damage and subsequent loss of joint function.
